Genes encoding fibroblast growth factors (FGFs) are expressed in early Xenopus neurulae in the prospective midbrain-hindbrain boundary (MHB) region of the neural plate. These expression domains overlap those of XWnt-1 and XEn-2, raising the question of the role of FGF signalling in the regulation of these genes, and more generally about the function of FGF during Xenopus midbrain development. We report that explants from the prospective MHB grafted into the anterior neural plate in midneurula stage embryos induce XWnt-1 expression and, at a lower frequency, XEn-2 expression in the vicinity of the graft. Such a process is likely to involve FGF signalling. Implantation of FGF4-or FGF8-soaked beads in the prospective forebrain at neurula and tailbud stages causes the up-regulation of XWnt-1 and XEn-2 in the dorsal and lateral region of the anterior midbrain. This effect is not relayed by endogenous FGF genes since exogenous FGFs inhibit the expression of endogenous XFGF3 or XFGF8. However, consequences of grafting MHB or implanting FGF4 or FGF8 beads on tadpole brain development are different. MHB grafts induce ectopic mesencephalic structures, strongly suggesting that a region homologous to the isthmic organizer of amniotes is specified as early as the midneurula stage. In contrast, exogenous FGFs do not cause the formation of ectopic mesencephalic structures but an overgrowth of mesencephalon and diencephalon. We propose that FGF signals from the prospective MHB play a crucial role in the spatial regulation of XWnt-1 and XEn-2 expression in the posterior midbrain, but that the full organizing activity of the MHB involves other factors in combination with FGF.
Introduction
There is increasing evidence that fibroblast growth factor (FGF) signalling is playing an important role during early neural development of Xenopus embryos. Both gain and loss-of-function experiments carried out on isolated ectoderm suggest that FGF is necessary for the neuralization process itself (Kengaku and Okamoto, 1995; Lamb and Harland, 1995; Launay et al., 1996; Sasai et al., 1996) . FGF also appears to be involved in the antero-posterior patterning of the neural plate. Recombination of rostral and caudal neural plate explants at the early neurula stage results in the caudalization of the anterior tissue. FGF2 mimics the effect of the caudal explant. Anterior neural plate explants incubated with FGF2 express the more posterior genes Krox20, XEn-2 and HoxB9 (Cox and Hemmati-Brivanlou, 1995) . In a similar way, overexpression of eFGF, a Xenopus FGF related to FGF4, causes the up-regulation of the posterior genes Xcad3, HoxA7 and HoxB9 in the anterior neural plate (Pownall et al., 1996) .
The importance of FGF signalling in neural development has been questioned recently with the observation that Xenopus transgenic embryos expressing a dominant negative form of FGF receptor contained a well patterned nervous system, although they lacked axial and paraxial mesoderm (Kroll and Amaya, 1996) . High levels of expression of genes encoding FGFs or FGF receptors in Xenopus neuroectoderm still argues for a role of FGF signalling in the formation of the nervous system (Friesel and Brown,1997) . Expression of several FGFs including XFGF2, 3, 8, 9 and eFGF in the posterior neural plate is consistent with a role of FGF signalling in the caudalization process. Besides the prospective spinal cord region of the neural plate, XFGF3 and XFGF8 are expressed in a domain encompassing the prospective posterior midbrain and anterior hindbrain (Eagleson and Harris, 1990) at the onset of neurulation. At the tailbud stage, transcripts of XFGF3, eFGF and XFGF8 are detected at the level of the midbrain-hindbrain boundary (MHB) (Christen and Slack, 1997; Isaacs et al., 1995; Isaacs et al., 1992; . These observations suggest a function of FGF signalling in the patterning of the Xenopus brain.
Several lines of evidence indicate that FGF8 is implicated in the development of the midbrain in fish, chicken and mouse embryos. Beads soaked in FGF8 and implanted into the second prosomere of chicken embryos cause a duplication of the mesencephalon at the expense of the caudal diencephalon. This process is accompanied by the ectopic expression of En-2, Wnt-1 and FGF8 genes which are normally expressed at the MHB. Similar results are obtained with beads soaked with FGF4 indicating that FGF4 activates the same receptors as does FGF8 (Crossley et al., 1996) . In these experiments FGF signalling mimics the induction of ectopic mesencephalic structures obtained in chicken embryos after grafting of explants taken in the mesencephalon-metencephalon region (isthmus) of quail embryos, and therefore might be responsible for the organizer activity of the isthmus in the avian mesencephalon (Martinez et al., 1991; Bally-Cuif and Wassef, 1995) . Induction of ectopic Wnt-1 and En-2 expression is consistent with results showing that disruption of mouse Wnt-1 or Engrailed genes dramatically affects mesencephalon development (Joyner, 1996) . On the other hand, expression of FGF8 from a transgene in the dorsal mesencephalon and caudal diencephalon of mouse embryos does not cause the formation of additional mesencephalic structures, but an hyperplasia of the mesencephalon consecutive to neural precursor cell proliferation. FGF8 signalling appears to be involved in the regulation of growth and polarity of the mesencephalon. The ectopic expression of En-2 is observed but not that of Wnt-1 (Lee et al., 1997) . The importance of FGF8 signalling in vertebrate MHB development has been recently established by the observation that FGF8 mutants in mouse and fish lack posterior midbrain and cerebellar tissue (Meyers et al., 1998; Reifers et al., 1998) .
Xenopus homologues of Wnt-1 (XWnt-1) and Engrailed (XEn-1 and XEn-2) genes are expressed in the prospective MHB region as soon as the onset of neurulation (HemmatiBrivanlou et al., 1991; Eizema et al., 1994) . Their expression patterns thus overlap in this region with those of XFGF3 and XFGF8, and later with that of eFGF. This raises the question of the role of FGF signalling in the regulation of XEn and XWnt-1 gene expression in Xenopus neuroepithelium, and more generally of the function of FGF in Xenopus midbrain development. We have analysed the consequences of implanting prospective MHB grafts or beads soaked in FGF4 or FGF8 into the prospective forebrain of neurula and tailbud stage embryos. We report that MHB grafts or purified FGFs are all able to induce ectopic expressions of XWnt-1 and XEn-2 in the developing midbrain of the recipient embryo, which strongly suggest that FGF signals play an important function in the spatial regulation of these genes in the neural tube. However, the effects of MHB grafts and purified FGFs on further brain development are different. MHB grafts induce ectopic mesencephalic structures in the caudal diencephalon. Purified FGFs cause an hypertrophy of diencephalon and mesencephalon but never induce ectopic mesencephalic structures.
Results

Induction of XWnt-1 and XEn-2 expressions after grafting of the prospective MHB into the anterior neural plate
As soon as the onset of neurulation, expression of XWnt-1, XEn-2 and FGFs are overlapping in a discrete region of the neural plate encompassing prospective caudal midbrain and rostral hindbrain (prospective MHB). In a first attempt to study the possibility that signals produced in this region are involved in the spatial regulation of XWnt-1 or XEn-2, we tested the ability of a prospective MHB explant to induce ectopic XWnt-1 or XEn-2 expression when grafted in more anterior neuroepithelium. Grafting was carried out at the midneurula stage (stages 16-18). At this stage, a small depression in the anterior neural fold marks the position of the prospective MHB. The explant was grafted into the prospective posterior forebrain region of the neural plate with an inverted antero-posterior polarity (Fig. 1A) . Expression of XWnt-1 and XEn-2 in grafted embryos was analysed by in situ hybridization at the tailbud stage (stages 28-30). Cell progeny of the graft was identified with the fluorescent tracer RLDx (Fig. 1B) .
Expression of XWnt-1 or XEn-2 could be detected in fluorescent cells in almost all embryos analysed (52 out of 55 cases), thus showing that the graft had been explanted in the proper position. Graft cells were found at different antero-posterior levels of the rostral neural tube including telencephalon, diencephalon and mesencephalon. Expression of XWnt-1, and at a lower frequency of XEn-2, could be detected in a few rows of host cells in contact with the graft (Fig. 2) . Induced expression of XWnt-1 or XEn-2 was observed laterally or posteriorly to the graft but was never more anterior. Host cells ectopically expressing XWnt-1 were often in contact with the dorsal part of the mesencephalon which normally expresses XWnt-1, therefore expanding the dorsal XWnt-1 expression domain rostro-laterally toward the graft ( Fig. 2A,C) . Induction of XWnt-1 or XEn-2 was clearly dependent on the position of grafted cells (Table 1) . When graft cells were detected in the telencepha-lon, induced expression of XWnt-1 or XEn-2 was never observed. Induced expressions of XWnt-1 and XEn-2 were observed when graft cells populated the diencephalon or mesencephalon. Highest frequencies of induction were scored when graft cells contributed to the caudal diencephalon or to the mesencephalon (Fig. 2C,E) . In these cases, frequencies of XWnt-1 and XEn-2 induction were similar. Control grafts taken from the rostral neural plate never expressed nor induced XWnt-1 or XEn-2 (32 cases) (not shown).
Ectopic FGF4 and FGF8 cause expression of XWnt-1 and XEn-2 in the anterior midbrain
The above results show that signals emanating from the prospective MHB can cause the up-regulation of XWnt-1 and XEn-2 in caudal diencephalon and rostral mesencephalon. In order to test the putative role of FGF signalling in this process, we have performed ectopic expression of FGF4 or FGF8 in the prospective forebrain of midneurula and tailbud stages embryos. Heparin-acrylic beads soaked in recombinant human FGF4 or mouse FGF8b were implanted into the anterior neural fold at the midneurula stage (stages 16-18; Fig. 3A) , or in the anterior neural tube at the tailbud stage (stage 24; Fig. 3B ). Embryos were cultured until the late tailbud stage (stages 28-30) and expression of XWnt-1 and XEn-2 was analysed by in situ hybridization. Besides, when beads were implanted at the midneurula stage, expression of the antero-posterior neural markers Otx-2 (forebrain), Krox20 (hindbrain) and HoxB9 (spinal cord) was analysed in order to control that ectopic FGF did not cause any modification of the general antero-posterior patterning of the neural plate.
Results are summarized in Table 2 . FGF4 or FGF8 beads dramatically changed the pattern of XWnt-1 and XEn-2 when implanted at the midneurula stage (Fig. 4) , while they did not have any significant effect on the expression of Otx-2, Krox20 or HoxB9 (not shown). The XWnt-1 expression domain was expanded ventrally in the midbrain (Fig. 4A,B ,G,H). The XEn-2 expression domain was expanded rostrally to the whole midbrain, and caudally to the dorsal region of the rostral hindbrain ( Fig. 4E-H) . The implanted bead was found inside the forebrain, or immediately rostral to the forebrain. XWnt-1 or XEn-2 expression was generally not detected in the vicinity of the bead but always beyond the forebrain-midbrain boundary. These observations indicate that a defined area of the neural plate mostly corresponding to the prospective midbrain is competent to express XWnt-1 and XEn-2 in response to FGFs diffusing away from the bead. FGF4 and FGF8 gave similar results. However, up-regulation of XWnt-1 and XEn-2 in response to FGF8 was only observed when the implanted bead was integrated into the forebrain. When the bead was present in a more rostral position, XWnt-1 and XEn-2 expression patterns were similar to those of controls, possibly reflecting that FGF8 had a lower capacity to diffuse than FGF4. This resulted in lower frequencies of ectopic XWnt-1 and XEn-2 expression in response to FGF8 (Table 2) . Similar ectopic expressions of XWnt-1 and XEn-2 were observed when FGF4 or FGF8 beads were implanted into the neural tube at the tailbud stage ( Fig. 5 ; Table 2 ). In that case also, XWnt-1 or XEn-2 mRNA were never detected more rostrally than the forebrain-midbrain boundary although implanted beads were always observed in the forebrain. These observations strongly suggest that FGF signalling is playing a crucial function in the spatial regulation of XWnt-1 and XEn-2 in the prospective midbrain at the neurula and tailbud stages.
Neural expression of XFGF-3 and XFGF-8 is downregulated in response to exogenous FGF4
We have then studied the effect of exogenous FGF4 and FGF8 upon the expression of endogenous XFGF3 and XFGF8 at the late tailbud stage. Results are summarized in Table 2 . Exogenous FGFs did not cause any up-regulation of XFGF3 or XFGF8 but rather down-regulated these genes in neural tissue. Similar results were obtained when beads were implanted into midneurula or tailbud stage embryos. As illustrated in Fig. 6 , the MHB expression of XFGF3 and XFGF8 was greatly reduced or totally abolished. In a similar way, exogenous FGF4 and FGF8 caused the down-regulation of XFGF3 in the retina and that of XFGF8 at the boundary of forebrain and midbrain. Other sites of XFGF3 and XFGF8 expression in the head were not significantly affected by exogenous FGFs. These results imply that upregulation of XWnt-1 and XEn-2 in response to exogenous FGF4 or FGF8 does not involve the ectopic activation of XFGF3 or XFGF8 genes in the midbrain.
FGFs and prospective MHB differ in their ability to induce ectopic mesencephalic structures
The results reported above show that prospective MHB grafts and purified FGFs can cause the ectopic expression of XWnt-1 and XEn-2 in the anterior midbrain. We then compared the effects of prospective MHB grafts or FGF bead implants at midneurula stage on the further development of the brain. Data analyses were carried out using serial sections of stage 46 tadpole. This stage was selected in reference to neural plate fate map data which were scored at stage 46 (Eagleson and Harris, 1990 ).
Embryos grafted as described above were cultured until the tadpole stage 46 and brain histology was examined for the presence of ectopic mesencephalic structures. In 16 cases out of 42, extra structures organized around a cavity were observed (Fig. 7A ,B,E,F). Their morphology was similar to the dorsal region of the mesencephalon indicating that the cavity most probably corresponded to an extra tectal ventricle. Accordingly, when these structures appeared at the limit of diencephalon and mesencephalon, the extra cavity often fused with the tectal ventricle, thus forming a larger cavity (not shown). Fluorescent cells derived from the graft and unlabelled cells from the host both contributed to these structures indicating that host neuroepithelium had been induced by the graft. Induced host tissue was always posterior or lateral to the graft but was never anterior to it. \The epiphysis was missing while it was well differentiated in controls, indicating that dorsal diencephalic development was affected by the graft (Fig. 7C,D) . In contrast, the grafted MHB did not appear to affect the development of the hypothalamus (Fig. 7A,B) . These observations strongly suggest that host neuroectoderm normally fated to form dorsal diencephalic structures was converted into mesencephalic structures under the influence of the grafted MHB. Induction of ectopic structures was clearly dependent on the integration site of the explant within the forebrain (Table 1) . When explant cells were detected in the telencephalon, no ectopic structure was observed in the surrounding tissue. Induction of ectopic structures occurred when explant cells were included in the diencephalon or overlapped caudal diencephalon and rostral mesencephalon. Control grafts (33 cases) taken in the rostral neural plate did not affect brain development (Fig. 7C,D,G,H) .
Consequences of FGF bead implantation into the prospective forebrain of midneurula and tailbud stages embryos were analysed at stage 46. FGF4 and FGF8 similarly caused an overgrowth of diencephalon and mesencephalon in a high proportion of cases (Table 2) . Anomalies consecutive to FGF bead implantation at midneurula or tailbud stages were not strictly identical. In both cases, the third ventricle often formed a large cavity directly opening into the tectal ventricle (Fig. 8A,C) . The hypothalamus including the preoptic and infundibular regions still could be recognized (Fig. 8B,D) but the hypophysis was generally absent, indicating that the ventral diencephalon failed to differentiate normally. The mesencephalon appeared larger than in controls. Implantation of FGF beads in midneurula stage embryos caused an hypertrophy of the thalamus (Fig.  8A,B ) which resulted in a ventral flexure of the anterior brain. This was not observed when FGF bead implantation was carried out at the tailbud stage. Nevertheless, although mesencephalon and diencephalon development was affected by ectopic FGF4 or FGF8, no ectopic structure formed. Brain morphology was normal in control tadpoles implanted with PBS beads, showing that the anomalies observed in response to FGFs were not a consequence of mechanical distortions resulting from bead implantation (Fig. 8E,F) .
Discussion
Expression of several genes encoding FGFs in the prospective MHB region of the neural plate raises the question of the function of FGF signalling in the patterning of the Xenopus brain. We report that MHB grafts and purified FGF4 or FGF8 were all able to induce ectopic XWnt-1 and XEn-2 expression in the anterior midbrain when implanted in the prospective forebrain of midneurula or tailbud stage embryos. These results strongly support the idea that FGF signals emitted from the MHB region play a crucial role in the spatial regulation of XWnt-1 and XEn-2 in the developing posterior midbrain of neurula and tailbud stage embryos. In addition, we observed that MHB grafts were able to induce ectopic structures in caudal diencephalon, which exhibit a morphology similar to dorsal mesencephalon. This process involves the recruitment of host cells, indicating that the prospective MHB of Xenopus midneurula stage embryos exhibits organizing properties similar to the isthmic organizer of amniotes. However, purified FGF4 or FGF8 did not induce similar ectopic structures, suggesting that signals from the MHB involve other signalling molecules acting in combination with FGFs.
Our data show that a defined subset of the anterior neuroectoderm expresses XWnt-1 and XEn-2 in response to exogenous FGF4 or FGF8. This region corresponds to the midbrain along with the dorsal part of rostral hindbrain in the case of XEn-2. Such a process is clearly distinct from the general caudalization of the anterior neural plate produced by expressing FGF2 or eFGF in anterior tissues of early neurulae (Cox and Hemmati-Brivanlou, 1995; Pownall et al., 1996) . In those cases, FGFs caused the anterior expression of rhombencephalon or spinal cord markers such as Krox20, Xcad3, HoxB9 or HoxA7. In our experiments, implantation of FGF beads in midneurula stage embryos had no effect on Krox20 or HoxB9 expression. This indicates that anterior neuroectoderm had lost competence to respond to caudalizing signals from posterior neuroectoderm by the midneurula stage. Accordingly, anterior neural plate explants express Krox20 when they are treated with FGF2 at stage 14 but not when FGF2 is applied at stage 18 (Cox and Hemmati-Brivanlou, 1995) .
The up-regulation of XWnt-1 and XEn-2 caused by exogenous FGF4 in the midbrain strongly argues for a role of the endogenous FGFs expressed at the MHB in the spatial regulation of XWnt-1 and XEn-2 in the posterior midbrain. A further argument is provided by the observation that domains of neuroepithelium competent to respond to MHB signals or to FGF are largely overlapping. However, MHB grafts induced XEn-2 only in mesencephalon, while induced expression of XWnt-1 was observed both in mesencephalon and diencephalon. It is possible that the induction of XWnt-1 expression by MHB grafts corresponds to distinct processes in mesencephalon or diencephalon. In the latter case, the domain of induced XWnt-1 expression actually corresponds to a rostro-lateral expansion of the normal dorsal domain of XWnt-1 expression. A similar observation was made after grafting metencephalic-mesencephalic quail grafts into chick embryo diencephalon (Bally-Cuif and Wassef, 1994) . These authors proposed that induced chick cells had dorsal midline properties rather than metencephalic-mesencephalic characteristics because their presence was not correlated with En-2 expression. Our observation that the anterior limit of neuroectoderm competence to express XEn-2 in response to signals emanating from MHB graft or to purified FGFs is the same, agrees well with the idea that FGF genes expressed in the MHB play an important role in the development of Xenopus posterior midbrain.
We show that implantation of either FGF4 or FGF8 beads caused an hyperplasia of the diencephalon and mesencephalon without inducing ectopic mesencephalic structures. This observation is reminiscent of the effect produced when FGF8 was ectopically expressed in the dorsal midline of the developing diencephalon and mesencephalon of mouse transgenic embryos (Lee et al., 1997) . In these embryos, FGF8 caused an enhancement of neural precursor cell proliferation at the expense of differentiated cell types. It is therefore likely that exogenous FGF4 and FGF8 acted in a similar way in Xenopus embryos. In contrast, implantation of FGF8 or FGF4 soaked beads in the caudal diencephalon of chick embryos induced ectopic mesencephalic structures (Crossley et al., 1996) . The ability of exogenous FGFs to induce ectopic mesencephalic structures and to cause an expansion of the Wnt-1 expression domain does not appear to be correlated. In response to ectopic FGFs, XWnt-1 was up-regulated in Xenopus embryos in the lateral midbrain while Wnt-1 expression was unchanged in FGF8 transgenic mouse embryos. In chick embryos, FGF8 beads caused the ectopic expression of Wnt-1. On the other hand, it seems unlikely that the different responses elicited by ectopic FGF signals in the developing brains of Xenopus, Chick or mouse embryos result from the fact that these different studies were not performed at equivalent stages of brain development. The FGF8 expression driven by a Wnt-1 promoter in transgenic mouse embryos occurs at neural plate stages (1-somite) (Lee et al., 1997) and is comparable to our experiments performed in midneurula stage Xenopus embryos (Nieuwkoop and Faber, 1967) . In chick embryos, the duplication of mesencephalon consecutive to FGF bead implantation was obtained comparatively much later, in 13-somites embryos when the five brain vesicles are already visible (Crossley et al., 1996) . However, we failed to induce ectopic mesencephalic structures when implanting FGF4 or FGF8 beads into the forebrain of tailbud stage embryos although these embryos yet have 15 somites, and the prosencephalon segregated into telencephalon and diencephalon (Nieuwkoop and Faber, 1967) . Instead, we observed an overgrowth of mesencephalon and diencephalon similar to the effect of ectopic FGF expression at earlier stages. It is possible that at an equivalent stage of development and in presence of the same concentrations of FGF, Xenopus neural precursor cells retain their ability to respond to FGF mitogenic signals and do not fully differentiate, while chicken neural cells do not proliferate and can differentiate into ectopic mesencephalic structures. Our findings showing that the prospective MHB region of midneurula stage embryos has organizing properties implies that the specification of this organizing centre occurs earlier.
It is likely that this process is concomitant with the regional determination of neural tissue which is fixed by the onset of neurulation (Saha and Grainger, 1992; Cox and HemmatiBrivanlou, 1995) . Such an idea is supported by the observation that expression of XWnt-1, XEn-1 and 2 or XFGF-3 and 8 all begin in the future MHB at the early neurula stage (Noordermeer et al., 1989; Hemmati-Brivanlou et al., 1991; Tannahill et al., 1992; Eizema et al., 1994; Christen and Slack, 1997) . At the same time, the posterior region of the embryo retains organizing properties from the Spemann organizer, becoming the tail organizer (Gont et al., 1993) . It is thus interesting that FGFs are expressed both in the prospective MHB and in the caudal neural plate at sites playing a crucial role in the formation of the neural axis. Our results support the case that FGF signalling is controlling the expression of XWnt-1 and XEn-2 in the prospective MHB. On the other hand, recent lines of evidence strongly suggest the role of FGF signalling in the control of cdx and Hox genes in the posterior region of the embryo (Pownall et al., 1996) . This raises the question of how these different responses can be elicited by similar FGF signals at different antero-posterior levels of the neuroectoderm. Part of the answer might be provided by the analysis of intracellular signals activated downstream of FGFs in anterior and posterior neural tissue.
Experimental procedures
Embryos
Xenopus laevis embryos were obtained after artificial fertilization as previously described (Umbhauer et al., 1992) and cultured in 0.1× modified Barth's solution (MBS). Stages were determined according to Nieuwkoop and Faber (1967) .
Grafting experiments
Donor embryos were labelled with rhodamine-lysine dextran (RLDx) as previously described (Delarue et al., 1992) . Five nl of RLDx solution were microinjected into each blastomere at the 2-cell stage and embryos were cultured until the midneurula stage (stages 16-18). Vitelline membranes of donor and host embryos were removed with sharpened forceps. Embryos were placed in small holes made in the agar layer, and were orientated with the anterior end facing up. At the midneurula stage, the rostral neural fold located just above the pigmented cement gland area is perpendicular to the dorsoventral axis. Grafts were implanted in the lateral neural fold of the host embryo just posterior to a line corresponding to the inner border the rostral neural fold (Fig. 5) . This corresponds to the prospective caudal forebrain region (Eagleson and Harris, 1990) . The graft was explanted in the donor embryo at the level of a small depression in the anterior neural fold (Fig. 5) , which corresponds to the prospective midbrain-hindbrain boundary. Host tissue and graft were dissected out using a glass needle and a loop of platinum wire. The graft was inserted into the dissected host neural fold with an inverted antero-posterior polarity. Control grafts were taken in donor embryos exactly at the same level as the implantation site of the host. Embryos were kept in 1× MBS for healing and were then cultured in 0.1× MBS until stages 28-30 or stage 46.
Implantation of beads in neurula stage embryos
Preparation of FGF beads was performed as described (Niswander et al., 1993; Cohn et al., 1995) . Heparin acrylic beads (Sigma, H5263) were washed in PBS and then incubated in 2 ml recombinant human FGF4 or mouse FGF8b (R&D System, 1 mg/ml in PBS) for 1 h at room temperature.
Before implantation, the vitelline membrane of midneurula stage (stages 16-18) or tailbud stage (stage 24) embryos was removed manually and embryos transferred to a Petri dish coated with 1.5% agar and containing 1× MBS. Embryos were placed in small holes made in agar as described above. At the midneurula stage, a slit was made with a sharpened forceps in the anterior neural fold. The bead was immediately introduced into the slit with forceps and was then pushed laterally into the neural fold to the contralateral side as shown in Fig. 3A . At the tailbud stage, a hole was poked into the anterior neural tube at the level of the future hatching gland. The bead was pushed through it into the neural tube lumen up to the level of eye vesicles (Fig. 3B) . After healing, embryos were transferred into 0.1× MBS and cultured until stages 28-30 or stage 46.
Probes and in situ hybridization
Transcription of antisense XWnt-1 and XEn-2 riboprobes was carried out from cDNA obtained by PCR amplification and cloned with the TA Cloning® kit (Invitrogen) in pCR®II plasmids. Briefly, first strand cDNA was prepared from total embryo RNA using the Superscript kit (Life Technologies) and random primers. PCR amplification was performed with the following primers: 5′-GATCGTTTT-GATGGAGCCTC-3′ (XWnt-1 upstream), 5′-TCACAAG-CACTCATGGAC-3′ (XWnt-1 downstream), 5′-TTCATC-AGGTCCGAGATC-3′ (XEn-2 upstream) 5′-TCCTTT-GAAGTGGTCGCG-3′ (XEn-2 downstream) according to the published sequences (Noordermeer et al., 1989; Hemmati-Brivanlou et al., 1991) . Amplification was carried out with one cycle including 94°C 4 min, 50°C 1 min 30 s, 72°C 1 min, then 38 cycles including 94°C 1 min, 50°C 1 min 30 s, 72°C 1 min, and a final amplification step with a 5-min elongation time. Amplification products (375 bp for XWnt-1 and 303 bp for XEn-2) were cloned in pCRII and sequence was checked. Digoxegenin-labelled antisense riboprobes were transcribed as described (Harland, 1991) . XFGF3 and XFGF8 antisense riboprobes were transcribed from a plasmid containing a 297 bp fragment of Xenopus XFGF3 or from a 0.8 kb PstI-PstI fragment of Xenopus XFGF8, respectively (Christen and Slack, 1997) . The antisense Krox20 probe (Bradley et al., 1993 ) (323 bp) was transcribed from a BstEII-PstI fragment of the cDNA. Probes for otx2 (Lamb et al., 1993) , and Xenopus HoxB9 (Wright et al., 1990 ) were obtained as previously described (Launay et al., 1996) . In situ hybridization was performed as described (Harland, 1991) . Embryos were bleached in 1% H 2 O 2 , 0.5% formamide under strong light and mounted in 2:1 benzyl benzoate/benzyl alcohol, except when staining was to be observed after sectioning.
Histology
Living tadpoles or embryos prepared for in situ hybridization were fixed in 10% formaline, embedded in PEG400 distearate and sectioned at 15 mm. After removal of PEG400 distearate with ethanol and rehydration, sections were stained with Giemsa and mounted in Eukitt® (Kindler) except when sections contained RLDx. In that case, sections were directly mounted in Mowiol (Hoechst). Observations were performed on a Leitz Dialux 100 microscope equipped for epifluorescence.
Graphics
Figures were prepared from slides scanned and labelled into Adobe Photoshop v. 3.0 on a Power Macintosh.
